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peak at 2 a.m., due to municipal park lawn
watering.

Study site N8P (fig. 11) is unique among
study sites because it contains primarily multi-
unit housing in an urban environment,
including large houses remodeled into apart-
ments, high-rise condominiums, and town-
houses. This is the largest study site (3,533
housing units) but has the smallest lot size per
housing unit (500 square feet per housing
unit), smallest lawn size (20 square feet per
housing unit), and smallest number of persons
per housing unit (1.4) (table 1). Lawn size and
lot size are difficult to derive for this site
because of the large variation in housing types
and should be viewed as rough estimates.
Data for winter indicate peak water use occur-
ring at 8 a.m. on weekdays and between 10
a.m. and noon on weekends. Summer water-
use patterns for this study site are similar to
winter patterns because outside water use is
minimal. This study site has the smallest
average (163 GUD), smallest maximum daily
(239 GUD in 1987), and smallest maximum
hourly (412 GUD in 1987) water use (table 2).

Study site NYH (fig. 19) is unique because
it consists of a townhouse development
containing 261 housing units in a suburban
setting. This study site has the second smallest
lot size (2,800 square feet per housing unit),
third smallest lawn size (2,000 square feet per
housing unit), and second smallest number of
persons per housing unit (1.9). Lot size per
housing unit was arbitrarily calculated based
on the approximate area of a 12-block housing
unit. Lawn size per housing unit included a
large amount of landscaping in commonly-
owned areas of the townhouse development,
which was estimated by planimetering the
area on aerial photographs. Hourly water-use
patterns are very similar to those at site N8P
(fig. 11) during the winter, but summer
patterns are different; operation of a centrally
controlled sprinkler system during the night
causes a broad water-use peak from 7 p.m. to 7
a.m. Average water use is larger here than at
site N8P, probably due to the larger lawn size

and larger number of persons per housing
unit.

The remaining 13 sites can be grouped
together as suburban, single-family residen-
tial. Because of their similarities, hourly water-
use patterns often are similar. In winter,
weekday use often shows a peak between 7
a.m. and 9 a.m. (see, for example, fig. 5). A few
sites, however, have broader morning water-
use peaks (see, for example, fig. 4) that might
be related to the number of people staying at
home during the day. A second water-use
peak on weekdays during winter occurs from
6 p.m. to 8 p.m. Those sites that show a sharp
morning peak usually show a sharp evening
peak. In winter, water-use rates are higher on
Saturday and Sunday than on weekdays.
Although Sunday usually has the highest daily
rate, the peak average hourly rate usually
occurs on Saturday at 10 or 11 a.m. Variability
of hourly use rates generally is large during the
daytime and small during the nighttime, with
the smallest variability often occurring from 4
am.to5am.

Summer water-use patterns at these
suburban neighborhoods indicate a
continuum of use patterns varying between
two extremes--one with a single water-use rate
peak and the other bimodal. Hourly water-use
patterns for site NLG (fig. 17) are representa-
tive of the first of these extremes. Water use
increases gradually as the day progresses
culminating at 7 or 8 p.m. and then rapidly
decreasing. This broad peak probably is repre-
sentative of manual lawn watering. Hourly
water-use patterns for site NBW (fig. 13) are
representative of the second extreme in this
continuum of use patterns, that of bimodal
summer use. Summer use has weekday peaks
at9a.m. and 8 p.m. The sites in this group tend
towards upper-middle class and probably
have the largest number of automatic sprinkler
systems; preset times of operation on these
systems may account for the observed water-
use patterns. However, no inventory of sprin-
kler systems is available to verify this hypoth-
esis. The number of people at home during the
day (who could water the lawn) also may
affect whether summer use peaks are
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unimodal or bimodal, but no data were avail-
able on the number of persons home during
the day.

ANALYSIS OF DATA

The goal of this analysis of the water-use
data is to find methods for estimating average
water use, maximum daily water use, and
maximum hourly water use. The analysis was
done in several steps.

First, methods for estimating average
water use are examined by relating 1980-87
weekly water use to site-descriptive variables
(table 1). The weekly water-use data are sepa-
rated into inside water use and outside water
use components because each is dependent on
different site-descriptive variables. Next, the
effect of weather variables and water-conser-
vation programs on outside water use are
examined. Finally, methods for estimating
maximum daily water use and maximum
hourly water use are examined using the 1986-
87 hourly dataset and the site-descriptive vari-
ables.

Average Water Use

It is useful to quantify average water use
for managing current water demand, and it is
useful to estimate future average water use to
design new water-supply structures. Long-
term average water use for each study site was
calculated from the 1980-87 weekly dataset
(table 2). Among site-descriptive variables,
average water use correlates best with lot size--
the correlation coefficient (r) is 0.82. Average
use also correlates with lawn size (r = 0.77) and
assessed value (r = 0.74). However, since
inside and outside water use differ so mark-
edly and are dependent on different factors,
more information can be extracted from the
data by separating water use into these two
components before attempting to derive

predictive relations.

Maidment and others (1985, p. 20-24), in a
study of water use in nine cities in Texas,
Florida, and Pennsylvania, reported that
municipal water use could be defined as a
function of temperature; during periods of no
rainfall, a maximum water use could be
defined for each temperature. Departures
from this maximum use as a result of precipita-
tion were then modeled on a daily timescale as
exponential decay functions beginning on the
day when precipitation occurred.

For this study, temperature functions for
water use were defined for each study site
using| the 1980-87 weekly dataset. As was
determined in the earlier study (Maidment
and others, 1985, p. 20), temperature functions
are better defined at the weekly timescale than
at the daily or monthly timescales. The
temperature variable used here is the average
of the maximum daily temperatures for each
week; the maximum temperature is thought to
be a better indicator of conditions during the
daytime, when most water use occurs. It is
also a more readily available dataset because it
is tabulated by the National Weather Service.

e relation of weekly average water use to
weekly average maximum air temperature for
site NHG is shown in figure 20. Water use at
this study site is relatively small with little
variation when temperatures are less than
about 60°F. Above this temperature break-
point, water use increases with an increase in
temperature. The slight nonlinearity of the
relation appears to be caused partly by precip-
itation. When data are separated into classes
on the basis of precipitation, linear relations
differ for each precipitation class, and the slope
of the regression line decreases as precipitation
increases (fig. 20).

Temperature-independent and tempera-
ture-dependent water use are relatively equiv-
alent to inside water use and outside water use
and also are relatively equivalent to winter
water use and summer water use. However,
this equivalency is not rigorously correct;
therefore, for this study, the term “base water
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Figure 20.--Relation of weekly average water use to weekly average
maximum air temperature for site NHG, 1980-87.

use” will be used to signify the temperature-
independent use, and “seasonal water use”
will be used to signify the temperature-
dependent use.

A temperature breakpoint was determined
for each study site by using nonlinear regres-
sion to estimate the four parameters that define
the temperature function: Average base water
use, temperature breakpoint, and slope and
intercept of the seasonal water-use regression
line. Initial estimates for these parameters
were made using graphic techniques, and non-
linear regression was used to find the optimal

fits. Temperature breakpoints estimated in this
way ranged among the 16 study sites from 56
to 63°F. However, average base water use was
determined to be relatively insensitive to small
changes in the selected breakpoint, and a
representative value of 60°F was selected for
use in this study to separate base water use
from seasonal water use.

Base water use

Base water use, previously defined as
temperature-independent water use, was
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quantified by averaging water-use rates for
weeks during which the weekly average
maximum temperature was less than 60°F; this
condition occurred during 180 weeks
throughout the 8-year study period, for an |
average of 22.5 weeks per year. Among the
16 sites, average base water use ranged from
137 to 307 GUD (table 2). Base water use as a
percentage of total water use ranged from 28 to
85 percent, with an average value of
46 percent. Metered sites had an average base
use of about 81 gallons per person per day,
whereas flat-rate sites averaged about
89 gallons per person per day.

Average base water use also was calculated
for each calendar year. The coefficient of vari-
ation of the annual averages ranged from 0.05
to 0.18 (table 2). Base water use at some of the
sites had small, but statistically significant time
trends: Base use at five of the sites rose to a
maximum in 1985-86 and then declined; base
use at three sites declined throughout 1980-87;
base use at two sites increased throughout
1980-87; and base use at six sites had no trends.
Because the trends had no common pattern
among the 16 sites, and because the trends did
not correlate with any of the site-descriptive
variables, the trends were not removed from
the data.

Among site descriptive variables, base
water use correlated best with persons per
housing unit. This is contrary to the Johns
Hopkins study (Linaweaver and others, 1966,
p- 29), which reported home market value to be
the most important explanatory variable in
predicting inside water use; here the correla-
tion with assessed value was low. Home
market value may be less important now due
to the ubiquity of the common inside high-
water-use appliances.

The relation of base water use to persons
per housing unit is shown in figure 21. For
metered sites there was a good linear relation
between the variables:

Qpm = 54 + 57 PPH, )
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Figure 21.--Relation of base water use to
persons per housing unit.

where! Qj, ,, = regression-estimated base use
(metered sites), in gallons
per housing unit per day;
and

PPH = persons per housing unit.

The coefficient of determination for this
relation is 0.70, and the standard error of the
regression slope is 17. The regression line is
indicated as a solid line in figure 21; the
dashed line shows the upper 95-percent
prediction interval. This relation also is
illustrated in Design Graph A, which is
discussed in the section “Estimation of Design
Parameters.”

The relation between base use and persons
per housing unit is less predictable at flat-rate

32 ANALYSIS OF RESIDENTIAL USE OF WATER IN THE DENVER METROPOLITAN AREA, COLORADO, 1980-87



800

700

600

500

400

300

HOUSING UNIT PER DAY

200

100

SEASONAL WATER USE, IN GALLONS PER

0 3 6 9 12 15
LOT SIZE, IN THOUSANDS OF SQUARE FEET
PER HOUSING UNIT
EXPLANATION

o METERED SITE
D) FLAT-RATE SITE
- — — - REGRESSION LINE FOR METERED SITES
REGRESSION LINE FOR FLAT-RATE SITES
-------- 95-PERCENT PREDICTION INTERVAL
FOR METERED SITES
------ 95-PERCENT PREDICTION INTERVAL
FOR FLAT-RATE SITES

Figure 22.--Relation of seasonal water use
to lot size.

For the metered sites, the coefficient of
determination is 0.70, and the standard error
of the regression slope is 8.5. For the flat-rate
sites, the coefficient of determination is 0.88
and the standard error of the slope is 6.6. The
upper 95-percent prediction interval also is
shown in figure 22 for each of these relations.
These relations also are illustrated in Design
Graphs B and C, which are discussed in the
section “Estimation of Design Parameters.”

The water-use relations developed thus far
have used site-descriptive variables, which are
assumed to be static over time. This approach
is useful because water-use rates can then be
estimated for proposed new housing develop-
ments by using design values for these vari-
ables (lot size, metered or flat rate, persons per
household, which can be estimated based on
number of bedrooms and bathrooms). The
question arises, however, of the affect of non-

static variables such as water-conservation
programs and the weather.

Water-conservation programs have been
initiated by the Denver Water Department
during drought periods since as early as 1922,
and are known to be effective in decreasing
systemwide water demand (Mary Martin,
Denver Water Department, oral commun.,
1990). Lawn watering was restricted to every
third day from 1980-82, and voluntarily
restricted from 1983-87. During 1981, water
conservation was particularly stressed
through a media campaign that introduced an
“ET” (evapotranspiration) program (publi-
cized daily lawn-watering requirements) and
xeriscape program (low-water-demand land-

scaping).

Lawn-watering-season weather at the
Denver Airport weather station (DENVER
WSFO AP) varied significantly during 1980-87
(table 3). The number of weeks when average
daily maximum temperature was more than
60°F ranged from 23 to 34 with an average of
29.5; average daily maximum temperature
ranged from 74.0 to 80.1°F with an average of
77.0°F; and total precipitation ranged from 6.6
to 14.3 inches with an average of 9.4 inches.
These study-period ranges and averages are
very similar to those for a 23-year period (1965-
87) for which daily weather data were
analyzed (table 3). Water-conservation-
program and weather variables were tested as
predictor variables (along with lot-size and
billing-type variables) in a multiple-regression
analysis for annual seasonal water use. A
coded water-conservation-program variable
was constructed having values ranging from 5
(indicating the presence of strong constraints)
to 1 (indicating the presence of relatively weak
constraints). Weather variables used were
average maximum daily temperature and total
precipitation for weeks when average
maximum daily temperature was more than
60°F (table 3). Only lot size and billing type
were determined to be significant at an alpha
level of 0.05. Although it is known that water-
conservation programs affect water use, their
effect cannot be isolated at the annual time-
scale from among the random and unex-
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sites than at metered sites.. Base water use at |
seven of the flat-rate sites clusters around a
value of 200 GUD (or about 83 gallons per
person per day) and is not correlated with
persons per housing unit. Base water use at
the remaining two flat-rate sites is significantly
larger, with an average of about 290 GUD (or
about 110 gallons per person per day).
Average base water use per person for all the
flat-rate sites is about 89 gallons per person per
day, with a standard deviation of 17; these
statistics need to be used with caution because
the data are grouped.

Use of the age-factor variable (ratio of
persons over 65 and under 18 years of age to
total population) did not improve prediction of
base water use. A more direct measurement of
persons home during the day, however, might
improve estimation methods for base water
use.

Seasonal Water Use

Seasonal water use, previously defined as
temperature-dependent water use, was quan-
tified by using data from weeks when weekly
average maximum temperature was greater
than 60°F. This temperature breakpoint was
exceeded 236 times during 1980-87 for an
average of 29.5 weeks per year. These warm
weeks can occur at any time during the year,
but occur primarily from June through
September. Average seasonal use was calcu-
lated as follows: (1) An average was taken of
water use during the 236 warm weeks; (2)
average base water use was subtracted from
this average; and (3) seasonal use was annual-
ized by using a coefficient reflecting the
proportion of the year during which seasonal
use occurred (here 29.5 / 52 = 0.57). The
resulting average seasonal use (table 2) varies
from 25 GUD at site N8P to 575 GUD at site
N3J.

Average seasonal use for each calendar
year also was calculated. Variation from year
to year generally is larger than for base water

use; coefficients of variation range from 0.08 to
0.31 (table 2); thus, for most sites, the majority
of variation in water use from year to year is
due to variation in seasonal water use rather
than base water use. The annual variation is
most likely due to weather. As stated earlier,
there were small increases in the cost of water
during the study period, but any variation due
to these increases cannot be isolated from the
more general variability present in the dataset.

Among site descriptive variables, seasonal
water use correlated with lot size (r = 0.83),
lawn size (r = 0.79), and assessed value (r =
0.81). Multiple regression indicated that
assessed value, when combined with billing
type, were the best set of explanatory vari-
ables. However, lot size and billing type
performed only slightly less well, and lot size
is a much easier variable to work with because
it is easier to quantify and does not change
with time as does assessed value. Lawn size
was a poorer predictor, and three variables (lot
size, lawn size, assessed value) were in them-
selves correlated, and using combinations of
them does not improve the regression signifi-
cantly. For these reasons, lot size and billing
type were selected as explanatory variables.
The relation between seasonal water use and
lot size is shown in figure 22. There is more
scatter in the data for metered sites than for
flat-rate sites. The regression equations for
each billing type are:

Qsm=29+29L,and 3)

Q.f=-29 +47L, 4)

where|Q; ,, = regression-estimated seasonal
water use (metered sites) in

gallons per housing unit per
| day;

Q; £ = regression-estimated seasonal
water use (flat-rate sites) in
gallons per housing unit per
day; and

i L =lot size, in thousands of square
feet per housing unit.
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plained variability in the dataset, possibly
because only 8 years of data are available. The
effect of weather variables is obscured at an
annual timescale. The more that weather vari-
ables are aggregated into longer time intervals,
the less they reflect the actual conditions under
which the decision to water was made. For
example, precipitation during cool weather is
likely to have less effect on decreasing water
use than precipitation during hot weather. A
weather variable that integrates the effects of
temperature and precipitation at a more repre-
sentative timescale is likely to correlate better
with water use.

One such weather-integrating variable is
the modified-Blaney-Criddle crop water
requirement. Monthly water requirement can
be calculated using this empirical formula,
which uses crop-water-requirement coeffi-
cients derived from field experiments and
extends them to monthly temperature and
precipitation conditions (U.S. Soil Conserva-
tion Service, 1970). Here, bluegrass water-
requirement coefficients derived from lysim-
eter experiments in areas near Denver (Borelli
and others, 1981, p. 338-339) were used. The
monthly water requirements can be summed
to an annual requirement, which preserves the
weather interactions occurring at the monthly
timescale. Calculated annual requirement
during the study period ranged from 24 to
35 inches with an average requirement of
28 inches. This range and average are very
similar to those for a 23-year period (1965-87)
for which weather data were analyzed
(table 3).

Blaney-Criddle water requirement was
determined to be a significant predictor vari-
able for annual seasonal water use, along with
lot size and billing type. Because billing type is
important, separate relations were developed
for flat rate and metered sites:

Qsm=-183+29L + 73 B; and (5)

Q;f=-314+47L+108B, (6)

where Q; ,,, = regression-estimated seasonal

water use (metered sites) in
gallons per housing unit per
day;

Qs s = regression-estimated seasonal

water use (flat-rate sites) in
gallons per housing unit per
day;

L = lot size, in thousands of square
feet per housing unit; and

B = Blaney-Criddle water
requirement.

For the metered sites, the coefficient of
determination is 0.63, the standard error of the
lot-size coefficient is 3.3, and the standard
error of the Blaney-Criddle coefficient is 4.0.
For the flat-rate sites, the coefficient of
determination is 0.78, the standard error of the
lot-size coefficient is 3.2, and the standard
error of the Blaney-Criddle coefficient is 2.1.
The relation for metered sites also is
illustrated in Design Graphs D and E, which
are discussed in the section “Estimation of
Design Parameters.”

Relations between water use and weather
variables also can be developed at the weekly
timescale, as discussed earlier (see fig. 20).
Because interactions between temperature and
precipitation are better preserved at this times-
cale, relations should be better defined.
However, the Blaney-Criddle formula cannot
be used to estimate weekly water requirement.
The Jensen-Haize or Penman equations
(Jensen and others, 1990) can be used, but these
require additional information about solar
radiation and wind. At the daily timescale, the
relation between water use and weather vari-
ables deteriorates, and autocorrelation in the
data becomes a problem because lawn-
watering use patterns on a given day are
affected by what happened on the previous
day.
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Table 3.--Lawn-watering-season weather statistics, Denver Airport weather station

[F, degrees Fahrenheit; lawn-watering season is defined as all weeks when
average daily maximum temperature is greater than 60° F]
Number of Average ‘ Total Blaney-Criddle
Year weeks in maximum érecipitation, lawn-watering
season temperature, in inches requirement, in inches
in °F
1965 32 744 16.4 22
1966 33 76.7 7.7 29
1967 33 73.1 18.5 20
1968 29 76.6 6.4 25
1969 27 77.6 16.6 23
!
1970 28 774 9.9 24
1971 31 76.2 53 27
1972 32 76.2 94 27
1973 28 775 9.6 24
1974 31 78.2 7.6 30
1975 31 75.7 12.3 24
1976 31 754 10.0 26
1977 31 78.3 3 6.8 33
1978 30 77.9 ‘ 6.0 30
1979 27 78.5 : 133 25
1980 30 78.6 8.8 30
1981 34 76.5 8.3 35
1982 30 74.0 9.0 25
1983 27 77.2 9.0 24
1984 23 80.1 9.8 24
1985 28 77.5 9.7 27
1986 32 75.6 6.6 31
1987 32 76.7 14.3 28
Average 30.0 76.8 10.1 27
Range 23-34 73.1-80.1 5.3-18.5 20-35
(1965-87)
Average 29.5 77.0 - 94 28
Range 23-34 74.0-80.1 6.6-14.3 24-35
(1980-87)
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Maximum Daily Water Use

It is useful to quantify maximum daily
water use for managing current water
demand, and it is useful to estimate future
maximum daily water use to design new
drinking-water-treatment-plant capacity.
Maximum daily use can be calculated from the
hourly dataset obtained from June 1986
through December 1987. At seven of the sites,
hourly data collection did not begin until July
1986 or later, and possibly the 1986 peak use
was missed. As noted earlier, maximum daily
use is not available from sites NAC and NYH
because of partially unrecorded water. There-
fore, maximum daily use is reported at 9 of the
sites for 1986 and at 14 sites for 1987. These
data and the ratio of maximum daily use to
average use are listed in table 2. Maximum
daily use ranged from 239 GUD (1.51 times
average use) at site N8P in 1987 to 3,603 GUD
(6.29 times average use) at site NHG in 1987.

Among the site-descriptive variables,
maximum daily water use correlates best with
lot size (r = 0.92), lawn size (r = 0.93), and
assessed value (r = 0.79). Among these, the
most easily obtained variable is lot size. The
relation of maximum daily water use to lot size
is shown in figure 23. The best fit line for this
relation has the equation:

Quiax day = 235 + 226 L, @)

where Qyax 4gy = regression-estimated
maximum daily water
use, in gallons per
housing unit per day;
and

L = lot size, in thousands of
square feet per housing
unit.

This regression has a coefficient of
determination of 0.85, and the standard error
of the coefficient is 21. This relation also is
illustrated in Design Graph E which is
discussed in the section “Estimation of Design
Parameters.”
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Figure 23.--Relation of maximum daily
water use to lot size.

Maximum Hourly Water

It is useful to quantify maximum hourly
water use for managing current water
demand, and it is useful to estimate future
maximum hourly water use to design new
water-transmission lines. Maximum hourly
use can be calculated from the hourly dataset
obtained from June 1986 through December
1987. At seven of the sites, hourly data collec-
tion did not begin until July 1986 or later, and
it is possible that the maximum hourly use was
missed in 1986. As noted earlier, maximum
hourly use is not available from sites NAC and
NYH because of partially unrecorded water.
Therefore, maximum hourly use is reported at
9 of the sites for 1986 and at 14 sites for 1987.
These data and the ratio of maximum hourly
use to average daily use are listed in table 2.
Maximum hourly use ranged from 412 GUD
(2.61 times average daily use) at site N8P in
1987 to 8,191 GUD (9.75 times average daily
use) at site NMG in 1986.
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Among the site-descriptive variables,
maximum hourly water use correlates best
with lot size (r = 0.95), lawn size (r = 0.96), and
assessed value (r = 0.73). Additionally,
maximum hourly water use was determined to
be inversely correlated to the number of
housing units (r = 0.69). Among these, lot size
and number of housing units are most easily
obtained. The relation of maximum hourly
water use to lot size is shown in figure 24.
Study sites with a smaller number of housing
units have relatively larger maximum hourly
water use. The best fit line for this relation
with number of housing units included has the
equation:

Qax hour = 21 + 506 L + 30,368 1L, (8)

where Q,,1.x hour = regression-estimated

maximum hourly water
use, in gallons per
housing unit per day;

L = lot size, in thousands of
square feet per housing
unit; and

n = number of housing units.

This regression has a coefficient of
determination of 0.96, the standard error of
the lot size coefficient is 33, and the standard
error of the number of housing units
coefficient is 5,398. Billing type is not a
significant variable at the a = 0.05 level when

introduced into this regression. This relation:

also is illustrated in Design Graphs G and H,
which are discussed in the section “Estimation
of Design Parameters.”

The significance of the number of housing
units to maximum hourly water use is
expected based on probability theory. Specifi-
cally, if hourly water use is modeled using
binomial probability theory, the theory
predicts that relative variability of hourly
water use will decrease as the number of
housing units increases. The net effect is that
study sites with a smaller number of housing
units have relatively larger maximum hourly
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Figure 24.--Relation of maximum hourly
water use to ot size.

water use per unit. This can be verified in a
general way by observing that maximum-
hourly-to-average-use ratios get larger as the
number of housing units gets smaller (table 2).

Probability theory also predicts that
maximum daily and maximum hourly water
use should be related. Linaweaver and others
(1966, p. 44) used maximum daily use as a
predictor variable for maximum hourly water
use:

Qumax hour = 334 + 2.02 Quuax day(m) , )
where Q.01 hour = regression-estimated
maximum hourly water
| use, in gallons per
housing unit per day;
and
|
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Qinax day (m) = measured maximum daily

water use, in gallons per
housing unit per day.

Data from this study produced a similar
relation:

Qmax hour = 221+228 Qmax day (m) (10)

This regression has a coefficient of determi-
nation of 0.81 and the standard error of the
coefficient is 0.24. Billing type is a significant
predictor variable when added to the regres-
sion. The relation between maximum daily
and maximum hourly water use is not
surprising because both are related to the like-
lihood of simultaneous water use at many
housing units within a study site.

ESTIMATION OF DESIGN
PARAMETERS

The regression equations presented in the
preceding sections can be used to estimate the
three principal water-use design parameters:
Average water use, maximum daily water use,
and maximum hourly water use. However,
these equations are valid only when predictor
variables have values within the ranges
presented in this study.

An example calculation of design parame-
ters is presented in table 4. This example calcu-
lation makes use of design graphs modified
from previous figures; these design graphs are
presented at the back of this report. To ensure
that prediction intervals shown on the design
graphs are valid, regression assumptions were
verified for each equation given. Many of the
regressions were developed based on a small
number of data points; therefore, prediction
intervals are large. When the number of data
points was small, apparent outliers were not
removed even if a single point had a large
effect on regression parameters.

In the example calculation, a proposed resi-
dential site is to be metered and estimates of
the average number of persons per household

and housing unit lot size are given. Average
water use is estimated from its base and
seasonal components. Design Graph A (p. 62)
is used to estimate base water use and the 99-
percent prediction interval value for base
water use. Seasonal water use and the 99-
percent prediction interval value for seasonal
use are estimated based on the given lot size by
using Design Graph B (p. 63). Design Graph C
(p- 64) would be used to estimate seasonal
water use if the proposed residential site were
to have flat-rate billing. Total water use is esti-
mated by adding together the base and
seasonal water-use values.

Alternatively, seasonal water use could be
determined based on lot size and a Blaney-
Criddle water requirement. An exceedence
value for water requirement can be selected
from a quantile plot of water-requirement
calculated for 1965-87 (fig. 25). For example,
from figure 25, it can be estimated that the 0.95
quantile for Blaney-Criddle water requirement
is about 35 inches; that is, a requirement of 35
inches or more should only occur in 5 years out
of 100. This might reflect a possible drought
scenario for the Denver area. Seasonal water
use and the 99-percent prediction interval
value for seasonal use are estimated by using
Design Graphs D and E (p. 65-66). The 99-
percent prediction interval for seasonal use
calculated in this way is slightly less than that
calculated using lot size alone. This difference
is because prediction intervals are larger in
Design Graph B because the relation was
developed based on 7 data points whereas the
prediction intervals in Design Graph E were
developed based on 49 data points. This
comparison supports the earlier observation
that variability in seasonal water use due to
weather is no larger than unexplained vari-
ability. This relative insensitivity to weather
may be due to the nature of the Denver area’s
semiarid continental climate: summers are hot
with sparse rainfall, and lawns are irrigated
frequently. This insensitivity does not mean
that seasonal differences are unimportant to a
water supplier; the largest calculated Blaney-
Criddle water requirement is 46 percent
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Table 4.--Example of residenti#l water-use design calculations

[---, not

applicable]

Proposed site characteristics:
Number of housing units: 200
Housing unit lot size: 8,000 square feet
Projected number of persons per housing 1
Billing type: metered
Design tolerance: 1:100 (99-percent predic

ESTIMATION

i
anit: 2.5

tion interval)

Base water use:
Site is to be metered, so obtain average bas
use and 99-percent prediction interval valy
Design Graph A using persons per housin
value of 2.5.

Seasonal water use:
Site is to be metered, so obtain average sea
use and 99-percent prediction interval valy
Design Graph B using 8,000 square-feet lot

TOTAL WATER USE, IN GALLONS PER |

Maximum daily water use:
Obtain maximum daily water use and 99-f
interval value for maximum daily water us
Design Graph F using 8,000 square-feet lot

MAXIMUM DAILY WATER USE, IN GAL
PER DAY:

MAXIMUM DAILY USE/AVERAGE WAT

Maximum hourly water use:
Obtain maximum hourly water use from [
using 8,000 square-feet lot size and 200 hot
Similarly, read 99-percent prediction interv
maximum hourly water use from Design C

MAXIMUM HOURLY WATER USE, IN G/
UNIT PER DAY:

MAXIMUM HOURLY WATER USE/AVER
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greater than the smallest Blaney-Criddle water
requirement. However, the effects of a
prolonged drought on seasonal water use are
difficult to model. It is likely that institutional
constraints such as mandatory lawn-watering
restrictions would affect water-use patterns
during such a drought.
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o
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Figure 25.--Quantiles for Blaney-Criddle
lawn-watering requirement, 1965-87.

Maximum daily water use and the 99-
percent prediction interval value for maximum
daily use are estimated based on the given lot
size by using Design Graph F (p. 67).
Maximum hourly water use is estimated based
on lot size and the number of housing units by
using Design Graph G (p. 68); this graph has a
family of curves for different values of number
of housing units. The 99-percent prediction
interval value for maximum hourly water use
is similarly determined from Design Graph H

(p. 69).

When estimating design values for
maximum hourly water use, consideration
also needs to be given to fire flow require-
ments. In the Denver metropolitan area, it is
common for fire departments to request fire
flows of about 1,000 gallons per minute. This
rate is equivalent to an hourly flow of 2,400
GUD in a study site of 25 housing units and
200 GUD in a study site of 300 housing units.

In the smaller study sites where maximum
hourly use might otherwise be about 5,000
GUD, a decision is needed whether this magni-
tude of additional demand might affect water
pressures enough such that the design value
needs to be correspondingly increased.

SUMMARY

Residential water-use data for 16 study
sites in the City and County of Denver are
described and analyzed. The dataset consists
of weekly water-use data from 1980 through
1987, and hourly water-use data during
varying periods among the 16 sites beginning
in June 1986 through December 1987.

The data were separated into temperature-
independent (base) water use and tempera-
ture-dependent (seasonal) water use by using
nonlinear regression; the temperature break-
point separating these two types of water use
occurs on the average at a daily maximum
temperature of 60°F. Base water use is approx-
imately equivalent to inside water use.
Among study sites, average base water use
ranged from 137 to 307 gallons per person per
day. Base water use as a percentage of total
water use ranged from 28 to 85 percent, with
an average value of 46 percent. Metered sites
had an average base use of 81 gallons per
person per day, whereas flat-rate sites aver-
aged 89 gallons per person per day. For
metered sites, base water use was linearly
related to persons per household.

Seasonal water use is approximately equiv-
alent to outside water use. Among study sites,
average seasonal water use ranged from 25
GUD to 575 GUD. Linear relations were devel-
oped for estimating seasonal water use based
on lot size and billing type; flat-rate sites used
more water relative to lot size than did
metered sites.

Annual variability in average water use
was relatively small, with coefficients of varia-
tion for annual means ranging from 0.04 to
0.18. Most of the annual variability can be
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attributed to seasonal water use. Variability in
seasonal water use due to weather differences
during the study period was no greater than
variability due to other causes, including
differences in lot and lawn sizes, metering
type, and institutional constraints. Inaddition,
mean values and ranges for temperature,
precipitation, and theoretical seasonal demand
during the 8-year study period (1980-87) were
similar to means and ranges during a 23-year
period (1965-87). Therefore, relations devel-
oped from the study dataset for estimating
seasonal water use based on lot size probably
are applicable over the long term. A relation
was developed for estimating weekly seasonal
water use based on lot size and Blaney-Criddle
water requirement for bluegrass. Water use
during hypothetical extreme weather condi-
tions could be estimated using this relation.
However, changes in water use are likely
during extreme weather conditions, especially
when stimulated by institutional constraints
such as mandatory lawn-watering restrictions.

Maximum daily water use ranged from 239
GUD (1.51 times average use) to 3,603 GUD
(6.29 times average use). Daily base water use
is significantly larger on Saturdays, Sundays,
and Mondays than on other days, but annual
maximums occur during summer due to
seasonal demands that are weather related.
Maximum daily water use can be estimated
using a linear relation with lot size.

Maximum hourly water use ranged from
412 GUD (2.61 times average daily use) to
8,191 GUD (9.75 times average daily use).
Hourly base water use has peaks from 7 a.m. to
9 a.m. and from 6 p.m. to 8 p.m. Hourly
seasonal water use varies between two
extremes, the first showing a single peak with
a maximum around 8 p.m., and the second
showing two peaks, one in the morning and
one in the evening. Maximum hourly water
use can be estimated using a regression equa-
tion containing lot size and number of housing
units as explanatory variables.

Design graphs were developed for estima-
tion of average water use, maximum daily

water use and maximum hourly water use.
Average values and 99-percent prediction
interval values can be obtained from these
graphs. An example problem is presented to
illustrate the use of these design graphs.
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Aven n ton

Stree)

This study site contains 20 small brick bi-
level houses, 3 of which have basement apart-
ments. The lots are small with modest but
well-kept landscaping. There is little variation
in house size or model type; all were built
between 1952 and 1954. There are no parks or
nonresidential water users in this study site.
This is a paired site with site G52. The water
taps are 5/8-inch diameter, service lines are
3/4-inch diameter, and nominal water pres-
sure is 95 pounds per square inch.

ite E4

The study site water meter is a 3-inch-
diameter Hersey with two registers. The
minimum recordable flow is 10 gallons.

Weekly data were collected from 1980-87
(416 weekly observations); 3 percent of these
data are estimates. Hourly data were collected
from June 1, 1986, through December 31, 1987
(13,896 hourly observations); 9 percent of these
data are estimates.
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ite G11 Av len
street)

This study site contains small brick one-
story houses with basements. All houses (169
total) are single-family residences. Some prop-
erties include an adjacent vacant lot, and vari-
ation in lot size is large. Houses were built
during a lengthy period (1904-68) so models
vary considerably; the number of bedrooms
varies from one to six, and the number of bath-
rooms varies from one to three. Some lots have
driveways in front, but others have a detached
garage in the rear, with access from the alley.
There are no parks or nonresidential water
users in this site. The water taps are
mostly 3/4-inch diameter, service lines
are 3/4-inch diameter, and nominal water
pressure is 90 pounds per square inch.

The study site water meter is a 6-inch-
diameter Badger Compound with two regis-
ters. Minimum recordable flow is 0.08 gallon.

Hourly data were collected from Summer
1963 to September 1965 as part of the Johns
Hopkins study (Linaweaver and others, 1966).
Miscellaneous measurements were made from
1966 through 1979. Weekly data were collected
from 1980-87 (416 weekly observations);
6 percent of these data are estimates. Hourly
data were collected from July 1, 1986, through
December 31, 1987 (13,176 hourly observa-
tions); 6 percent of these data are estimates.
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i 2 (52nd Aven nd Gr
street)

This study site contains small brick one-
story houses with basements on large lots.
One duplex and 19 single-family houses make
a total of 20 housing units. There is little vari-
ation in house size or model type, and all were
built between 1960 and 1962. There were no
original garages, but many houses have
attached carports. Many lots continue into the
flood plain of Clear Creek and are partially
unused, so average lot size has been adjusted
to include only usable parts. Lawns are well
kept, but large areas of lots are not landscaped.
There are no parks or nonresidential water
users in this study site. This is a paired site
with site E48. The water taps are 5/8-inch
diameter, service lines are 3/4-inch diameter,
and nominal water pressure is 100 pounds per
square inch.

The study site water meter is a 3-inch-
diameter Hersey model CT with two registers.
Minimum recordable flow is 10 gallons.

Weekly data were collected from 1980-87,
except for missing record from June through
September 1983 (390 weekly observations);
6 percent of these data are estimates. Hourly
data were collected from June 1, 1986, through
December 31, 1987 (13,896 hourly observa-
tions); 7 percent of these data are estimates.
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ite H29 (29th Aven nd Humboldt
Streeh)

This study site contains two-story brick
houses with basements but few garages on
small lots, in an urban setting. There are some
multistory, multifamily buildings. There is a
large variety in model types, built between
1873 and 1976. Lawns are small and land-
scaping is minimal. Several commercial build-
ings are in this study site, and there are three
irrigated city parks. The water taps are a
mixture of 5/8-inch diameter and 3/4-inch
diameter, service lines are mostly 3/4-inch
diameter, and nominal water pressure is 75
pounds per square inch.

The study site water meter is a 6-inch-
diameter Badger Compound with two regis-
ters. Minimum recordable flow is 0.05 gallon.

Hourly data were collected from April
1965 to September 1965 as part of the Johns
Hopkins study (Linaweaver and others, 1966).
Miscellaneous measurements were made from
1966 through 1979. Weekly data were collected
from 1980-87 (416 weekly observations);
6 percent of these data are estimates. Hourly
data were collected from June 1, 1986, through
December 31, 1987 (13,896 hourly observa-
tions); 3 percent of these data are estimates.
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ite M4 t nd Milw
streeh)

This study site contains one-story houses
without basements, built between 1886 and
1964. There is a large variety in model types.
Eighteen structures are multifamily housing
units with a maximum of four families per
structure; there are a total of 349 housing units.
Many houses have detached garages. Lots are
large relative to house size. One store and one
church are within the study site, but there are
no parks. The water taps are 5/8-inch diam-
eter, service lines are 3/4-inch diameter, and
nominal water pressure is 90 pounds per
square inch.

The study site water meter is a 6-inch-
diameter Badger Compound with two regis-
ters. Minimum recordable flow is 0.1 gallon.

Hourly data were collected from October
1963 to September 1965 as part of the Johns
Hopkins study (Linaweaver and others, 1966).

Miscellaneous measurements were made from |

1966 through 1979. Weekly data were collected
from 1980-87 (416 weekly observations);
5 percent of these data are estimates. Hourly
data were collected from June 1, 1986, through
December 31, 1987 (13,896 hourly observa-
tions); 1 percent of these data are estimates.
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Site N3J (3rd A | Jasmin
Street)

This study site contains mostly large one-
story ranches with basements, with some large
two-story houses. There are many custom
houses and no multifamily houses. Houses
were built from 1936 to 1977. Lots are large
with extensive landscaping. No commercial
buildings or parks are within the study site.
The water taps are a mixture of 5/8-inch diam-
eter and 3/4-inch diameter, service lines are a
mixture of 3/4-inch diameter and 1 inch diam-
eter, and nominal water pressure is 100 pounds
per square inch.

The study site water meter is a 8-inch-
diameter Badger Compound with two regis-
ters. Minimum recordable flow is 0.1 gallon.

Hourly data were collected from October
1963 to September 1965 as part of the Johns
Hopkins study (Linaweaver and others, 1966).
Miscellaneous measurements were made from
1966 through 1979. Weekly data were collected
from 1980-87 (416 weekly observations);
6 percent of these data are estimates. Hourly
data were collected from June 1, 1986, through
December 31, 1987 (13,896 hourly observa-
tions); 1 percent of these data are estimates.

3RD AVENUE

| ]
—~

OCUST | STREET

rJ

L STREET
@’c‘*@e

0 600 FEET

] ;

0 150 METERS

EXPLANATION
STUDY SITE BOUNDARY

- AREA OF TYPICAL LOT

SUPPLEMENTAL INFORMATION 49



ite N th Av nd Tenn
streeh)

This study site contains small one-story
houses with basements; most have detached
garages. There are 5 two-family houses. The
large variety of house models date from 1885
to 1979. No commercial buildings or parks are
in this study site. The water taps are a mixture
of 5/8-inch diameter and 3/4-inch diameter,
the service lines are 3/4-inch diameter, and
nominal water pressure is 100 pounds per
square inch.

The study site water meter is a 6-inch-
diameter Badger Compound with two regis
ters. Minimum recordable flow is 0.05 gallon.

Hourly data were collected from spring
1965 to winter 1966 as part of the Johns
Hopkins study (Linaweaver and others, 1966).
Miscellaneous measurements were made from|
1967 through 1979. Weekly data were collected
from 1980-87 (416 weekly observations);
8 percent of these data are estimates. Hourly
data were collected from June 1, 1986, through
December 31, 1987 (13,896 hourly observa-
tions); 8 percent of these data are estimates.
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ite N8P Aven nd Pearl Street

This study site contains 210 structures and
3,533 housing units; the number of housing
units per structure ranges from 1 to 189. There
is a large variety of types of structures, ranging
from two-story brick houses to high-rise apart-
ment buildings; all were built from 1876 to
1978. Some commercial buildings and one
park are in the study site. Due to the inhomo-
geneity of this site and a lack of complete infor-
mation, there was some difficulty in estimating
site descriptive variables, and average number
of bathrooms and bedrooms per housing unit
could not be determined. The water taps are a
mixture of 5/8-inch diameter, 3/4-inch diam-
eter, and 1-inch diameter, service lines are a
mixture of 3/4-inch diameter and 1-inch diam-
eter, and nominal water pressure is 105 pounds
per square inch.

The study site water meter is a 6-inch-
diameter Badger Compound with two regis-
ters. Minimum recordable flow is 0.05 gallon.

Hourly data were collected from October
1963 to September 1965 as part of the Johns
Hopkins study (Linaweaver and others, 1966).
Miscellaneous measurements were made from
1967 through 1979. Weekly data were collected
from 1980-87 (416 weekly observations);
6 percent of these data are estimates. Hourly
data were collected from June 1, 1986, through
December 31, 1987 (13,896 hourly observa-
tions); 3 percent of these data are estimates.
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ite NA n Street an I
Avenue)

This study site contains 329 single-family
ranch-style houses and bi-level houses built
from 1964 to 1973. There are no commercial
water users, but one city park. The water taps
are a mixture of 5/8-inch diameter and 3/4-
inch diameter, service lines are 3/4-inch diam-
eter, and nominal water pressure is 100 pounds
per square inch.

The study site water meter is a 10- by 6-
inch diameter Hersey-Sparling with three
registers. Minimum recordable flow is 100
gallons.

Miscellaneous data were collected in 1973,
1976, and 1977. Weekly data were collected
from 1983-87 (260 weekly observations)
4 percent of these data are estimates. Hourly
data were collected from January 1, 1987,
through December 31, 1987 (8,832 hourly
observations); 17 percent of these data are esti-
mates.
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ite NBW (Bates Aven nd Winon
Courh)

This study site contains 26 single-family
one-story ranch-style houses with basements
and garages, all built in 1955. There are no
commercial buildings or parks. This is a
paired site with site NDW; the two sites are
similar except that houses in site NBW are
slightly larger, are on larger lots, and have
larger lawns. Houses in site NDW, on the other
hand, are somewhat newer and have slightly
more bathrooms. The water taps are 5/8-inch
diameter, service lines are 3/4-inch diameter,
and nominal water pressure is 110 pounds per
square inch.

The study site water meter is a 3-inch
diameter Hersey with two registers. Minimum
recordable flow is 10 gallons.

Weekly data were collected from 1980-87
(416 weekly observations); 6 percent of these
data are estimates. Hourly data collected from
July 1, 1986, through December 31, 1987
(13,176 hourly observations); 3 percent of these
data are estimates.
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Site NDW (Dartmouth Avenue and
Winona Court)

This study site contains 25 single-family
one-story ranch-style houses with basements
and garages, all built in 1958. There are no
commercial buildings or parks. This is a
paired site with site NBW. The water taps are
5/8-inch diameter, service lines are 3/4-inch
diameter, and nominal water pressure is 70
pounds per square inch.

The study site water meter is a 3-inch
diameter Hersey with two registers. Minimum
recordable flow is 10 gallons.

Weekly data were collected from 1986-87
(416 weekly observations); 3 percent of these
data are estimates. Hourly data were collected
from June 1, 1986, through December 31, 1987
(13,896 hourly observations); 7 percent of these
data are estimates.
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ite NFG (Florida Aven [
sStreet)

This study site contains 20 single-family
small one-story ranch-style houses with
carports, all built from 1953 to 1954. There are
no commercial buildings or parks. This is a
paired site with site NLG; the two sites are
similar except that houses in site NFG are
slightly larger with more bathrooms and
bedrooms, are on larger lots, and have larger
lawns. The water taps are 5/8-inch diameter,
service lines are 3/4-inch diameter, and
nominal water pressure is 90 pounds per
square inch.

The study site water meter is a 3-inch
diameter Hersey with two registers. Minimum
recordable flow is 10 gallons.

Weekly data were collected from 1980-87
(416 weekly observations); 3 percent of these
data are estimates. Hourly data were collected
from August 1, 1986, through December 31,
1987 (12,432 hourly observations); 15 percent
of these data are estimates.
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ite N H nyon R n
Glencoe Streef)

This study site contains 22 single-family
large one-story ranch-style houses with baset
ments and garages, all built in 1957. There are
no commercial buildings or parks. This is 4
paired site with site NMG; however, houses in
site NHG are smaller with fewer bedrooms
and bathrooms, and are on smaller lots. Lawn
sizes are similar at both sites. The water taps
are a mixture of 3/4-inch diameter and 1-inch
diameter, service lines are 1-inch diameter, and
nominal water pressure is 100 pounds per
square inch.

The study site water meter is a 3-inch
diameter Hersey with two registers. Minimum
recordable flow is 10 gallons.

Weekly data were collected from 1980-87
(416 weekly observations); 4 percent of these
data are estimates. Hourly data were collected
from September 1, 1986, through December 31
1987 (11,688 hourly observations); 10 percent
of these data are estimates.
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Site NLG (Louisiana Aven nd Gr
street)

This study site contains 22 single-family
small one-story ranch-stylehouses with
carports, all built from 1953 to 1957. This is
considered a flat-rate billing site, although 3 of
the 22 housing units are metered. There are no
commercial buildings or parks. This is a
paired site with site NFG. The water taps are
5/8-inch diameter, service lines are 3/4-inch
diameter, and nominal water pressure is 95
pounds per square inch.

The study site water meter is a 3-inch
diameter Hersey with two registers. Minimum
recordable flow is 10 gallons.

Weekly data were collected from 1980-87
(416 weekly observations); 3 percent of these
data are estimates. Hourly data were collected
from August 1, 1986, through December 31,
1987 (12,432 hourly observations); 7 percent of
these data are estimates.
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ite NMG (Mansfield Aven n
Grape Street)

This study site contains 23 single-family
large custom ranches built from 1958 to 1962.
Yards are extensively landscaped. There are no
commercial buildings or parks. This is a
paired site with site NHG. The water taps are
3/4-inch diameter, service lines are 1-inch
diameter, and nominal water pressure is 90
pounds per square inch.

The study site water meter is a 3-inch
diameter Hersey with two registers. Minimum
recordable flow is 10 gallons.

Weekly data were collected from 1980-87
(416 weekly observations); less than 1 percent
of these data are estimates. Hourly data were|
collected from June 1, 1986, through December
31,1987 (13,896 hourly observations); 4 percent
of these data are estimates.
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ite NY. i Highli
Canab)

This study site contains 24 12-unit town-
houses, built from 1979 to 1981. Of the 280
units, 261 were occupied during the study. The
units are two-story houses with adjoining
garages and storage areas. The townhouse
complex includes landscaped areas, tennis
courts, and a recreation center. The water taps
are 1-inch diameter, service lines are 1-inch
diameter, and nominal water pressure is 120
pounds per square inch.

The study site water meter is a 10- by 6-
inch diameter Hersey-Sparling with three
registers. Minimum recordable flow is 110
gallons.

Weekly data were collected from 1983-87
(260 weekly observations); less than 1 percent
of these data are estimates. Hourly data were
collected from January 1, 1987, through
December 31, 1987 (8,832 hourly observations);
3 percent of these data are estimates.
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|
DESCRIPTION OF DATA FILES ON DISK |

The dataset used for this study is available (
on computer floppy disk from the U.S. Geolog-
ical Survey and the Denver Water Department
at the following addresses:

U.S. Geological Survey
Box 25046, Mail Stop 415
Federal Center

Denver, CO 80225-0046

Denver Water Department
1600 West 12th Avenue
Denver, CO 80204

There are three files on this disk:

File 1--Site descriptive variables: ‘

This file consists of 14 variables and 16
fields (one for each study site). The variables
are the descriptive variables listed in table 1
plus the water use summary statistics listed in
table 2.

|
i
\
File 2--Weekly dataset:

This file consists of 416 observations of
average weekly water use (1980-87) for the 16
study sites. A code field is present for each site
to distinguish estimated data. Also present in
this file are average maximum temperature for
each week and total rainfall for the week.

File 3--Hourly dataset:

This file consists of a maximum of 512 days ‘
of data for each site, with 24 hourly use rates ‘
for each day. A code field is present to indicate
if data are estimated.
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BASE WATER USE, IN GALLONS PER HOUSING UNIT PER DAY
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SEASONAL WATER USE, IN GALLONS PER HOUSING UNIT PER DAY
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MAXIMUM DAILY WATER USE, IN GALLONS

PER HOUSING UNIT PER DAY
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